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In type 2 diabetes chronic hyperglycemia is suggested to be detrimental to pancreatic p cells, caus- 
TllZ^Tri'^'^fV^^TT^^^ul^ a proinflammatory cytokit^e acting during the autoimmune 
process of type 1 diabetes. IL-ip xnhib.ts |3 cell function and promotes Fas-triggered apoptosis in part 
by activating the cranscripaon factor NF-kB. Recently, we have shown diat increased glucose con- 
centraaons also mduce Fas expression and p cell apoptosis in human islets. The aim of Ae present 
study was to test the hypothesis that IL-lp may mediate the deleterious effects of high glucose on 
human P ceUs In vitro exposure of islets hom nondiabetic organ donors to high glucose levels result- 
ed m mcreased producaon and release of IL-lp, followed by NF-kB activation. Fas upregularion. DNA 
ftagmentacion, and impaired P cell function. The IL-1 receptor antagonist protected ciStured human 
islets from these deleterious effects. P cells themselves were identified as die islet cellular source of 
glucose-mduced IL-ip. In vivo. IL-iP-producing P cells were observed in pancreatic sections of type 
2 diabeac paaents but not in nondiabetic control subjects. Similarly, IL-lp was induced in P cells of 
the gerbil Psammomys obesus during development of diabetes. Treatment of the animals with phlo- 
rizin normahzed plasma glucose and prevented p cell expression of IL-lp. These findings implicate 
S 1 a^^R ^ pathogenesis of glucotoxicity in type 2 diabetes and identify the 
IL-ip/NF-KB pathway as a target to preserve p cell mass and ftmction in diis condition. 

J.ain.Invest. 110:851-860 (2002). doi;10.1172/ja200215318. 

t!!!!!^"?'^" it- , r- "ntlerlie glucose-induced P cell dysfunction, including 

TdLrLto „TI T ^ '"^'^^'l"^" formation of advanced glycation end products (13), 

Se fL functional pancreaoc P cell mass in direct impairment of insulin gene transcription ani 

die face of msulin resistance. In turn, hyperglycemia proinsulin biosynthesis (14. IS), and reduced binding 

Indled 1 ' ""^-"''^ '^u"" P -°vi=y of P-creatic duodenal homeobox I (PdS) 

Lon oVbir.^ ^ ' ''=""^'>'' P^^P""'! ^ mechanism underlying 

ZcWon T '^^"""^^-^"r ""P^'^^ P glucose-induced P ceU apoptosis m human islets that 

fi^nction, leading Co the concept of glucotoxicity (1-7). involves upregulation of receptors by elevated glu- 

llZZ":: f T r^'^^''^'^-' '"^"^ P ^"^^ '-^^^ (5>- "o--"'^. m^ediator of glucSt 

ceU apoptosis m cultured islets rrom diabetes-prone induced Fas expression and its role in glucotoxicity 

Psamm<mtys ooesus (8) and from humans (9. 10); some- remains unknown. ^ ucotoxicity 

what higher concentrations of glucose are required to IL-ip has been proposed to mediate both impaired 

^us mfl" r'°^'° " '"^T ' destruction of pancreatic P cells du"S 

lous molecular mecnamsms have been proposed to che development of autoimmune type 1 diabetes (16) 

In keeping with this, treatment of rodent islets with 
Received far pubUauiojt February 20, 2002. accepted in revised form ^'^^ results in a potent inhibition of insulin secretion 
Jufyi6,2002. followed by islet destruction (1 7-23). In human islets. 
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idencify P cells as che cellular source of glucose-induced 
IL-ip in cultured human islets and confirm this using 
tissue sections from the pancreas of type 2 diabetic 
patients and of Psammomys ohesus. The role of such 
endogenously produced IL-ip in p cell glucotoxicity 
was also explored. 

Methods 

Islet isolation and culture. Islets were isolated from pan- 
creaca of 11 organ donors at the Department of 
Surgery, University of Geneva Medical Center, as 
described (32-34). Islet purity was greater than 95% as 
')ud%td by dithizone staining (if this degree of purity 
was not achieved by routine isolation, islets were hand 
picked). The donors, aged 40-70 years, were heart-beac- 
ing cadaver organ donors, and none had a previous his- 
tory of diabetes or metabolic disorders. For long-term 
in vitro studies, the islets were cultured on extracellu- 
lar matrix-coated plates derived from bovine corneal 
endothelial cells (Novamed Ltd., Jerusalem, Israel), 
allowing the cells to attach to the dishes and spread, 
preserving their functional integrity (7, 35). Islets were 
cultured in CMRL 1066 medium (hereafter referred to 
as culture medium) containing 100 U/ml penicillin, 
100|ag/ml streptomycin, and 10% FCS (Invitrogen Ltd., 
Carlsbad, California, USA). Two days after plating, 
when most islets were attached and began to flatten, 
the medium was changed to culture medium contain- 
ing 5.5, 1 1.1, or 33.3 mM glucose. In some experiments, 
islets were additionally cultured with 2 ng/ml recom- 
binant human IL-ip, 1,000 U/ml recombinant human 
IFN-7 (ReproTech EC Ltd., London, United Kingdom), 
500 ng/ml IL-1 receptor antagonise (IL-lRa; R&D Sys- 
cems Inc., Minneapolis, Minnesota, USA), 1 ng/ml 
membrane-bound Fas iigand (FasL; Upstate Biotech- 
nology Inc., Lake Placid, New York, USA) (36), or with 
100 |iM pyrrolidinedithiocarbamate (PDTC) for 
2 hours for every 2 days in culture (Sigma-Aldrich, St. 
Louis, Missouri, USA). 

Animals. Psammomys obesus of both sexes (age 2.0-3.5 
months) from the diabetes-prone and diabetes-resist- 
ant lines of the Hebrew University colonies were origi- 
nally obtained from Harlan Laboratories Ltd. 
(Jerusalem, Israel). After weaning, diabetes-prone 
Psammomys obesus were maintained on a low-energy diet 
containing 2.38 kcal/g (Koffoik Ltd., Petach Tikva, 
Israel) until the stare of the experiments, whereas dia- 
betes-resistant Psammomys obesus were maintained on a 
high-energy diet containing 2.93 kcal/g (Weizmann 
Institute of Science, Rehovot, Israel) to identify animals 
that develop diabetes and exclude them from the study 
(-30-40% of the animals in the diabetes-resistant 
colony). All nonfasted animals with random blood glu- 
cose concentrations below 7.8 mmol/1 (tested with the 
Glucometer Elite from Bayer Corp., Elkhart, Indiana, 
USA) were considered nondiabetic. Diabetes-prone 
Psammomys obesus switched to a high-energy diet 
received an injection of 0.4 g/kg phlorizin (Sigma- 
Aldrich) or solvent (40% propylene glycol) every 12 



hours and were killed after 8 days. Psammomys obesus 
were anesthetized with ketamine (Ketalar; Parke-Davis 
& Co., Gwent, United Kingdom) and exsanguinated by 
cardiac puncture. The pancreas was rapidly removed 
and immersion-Hxed in 10% phosphate-buffered for- 
malin. The animal studies were approved by the Insti- 
tutional Animal Care and Use Committee of Hebrew 
University and the Hadassah Medical Organization. 

Detection of IL-1 ^expressing P cells. Pancreata from 
routine necropsies and from Psammomys obesus were 
immersion-fixed in formalin, followed by paraffin 
embedding. Sections were deparaffinized and rehy- 
drated, and endogenous peroxidase was blocked by 
submersion in 0.3% H2O2 for'^15 minutes. Sections 
were then incubated in methanol for 4 minutes. After 
washing with PBS> cultured islets and isolated P cells 
were fixed in 4% paraformaldehyde (30 minutes at 
room temperature) followed by permeabilization with 
0.5% Triton X-100 (4 minutes at room temperature). 
Both tissue sections and cultured cells were double- 
labeled for IL-iP and insulin by 1 hour of exposure to 
10% BSA followed by incubation for 1 hour at 37** C 
with mouse anti-IL-lp antibody (1:30 dilution; R&D 
Systems Inc.). Detection was performed using donkey 
anti-mouse Cy3-conju gated antibody (1:100 dilution; 
Jackson ImmunoResearch Laboratories, West Grove, 
Pennsylvania, USA). Subsequently, specimens were 
incubated for 30 minutes at 37*C with guinea pig 
ana-insulin antibody diluted 1:50 (DAKO Corp., 
Carpinteria, California, USA), followed by a 30-minute 
incubation with a 1:20 dilution of fluorescein-conju- 
gated rabbit anti-guinea pig antibody (DAKO Corp.). 
For positive control of IL-ip staining, human 
mononuclear cells were isolated as described previ- 
ously (37) and exposed for 2 hours at 37° C to 1 M-g/ml 
LPS (Becton, Dickinson and Co., Franklin Lakes, New 
Jersey, USA). Coversiips were air-dried and mounted 
onto slides, then fixed and permeabilized for 5 min- 
utes at room temperature in 1:1 acetone/methanol 
and stained for IL- ip as described. 

For mRNA in situ hybridization of IL-1 P, DNA tem- 
plates were generated by PGR with incorporation of a 
T3 or a T7 promoter into the antisense or sense primer. 
The following primers were used: T3, 5'-AAGCGCG- 
CAATTAACCCTCACTAAAGGGTCAGCACCTCrCAAGCA- 
GAA-3' and T7, S'-GGCCAGTAATTGTAATACGACTCAC- 
TATAGGGAGGCGGCCCTGAAAGGAGAGAGCTGA-3'. 
Purification of PGR product was performed with 
Nucleosptn Extract 2 in 1 (Macherey-Nagel GmbH, 
Diiren, Germany) according to the manufacturer's 
instructions. After phenol/chloroform purification, 
digoxigenin-labeled RNA probes were prepared using 
RNA T7- and T3-polymerase and RNA digoxigenin 
labeling mix (Roche Diagnostics GmbH, Mannheim, 
Germany). Tissue sections were treated with 20 \ig/tnl 
proteinase K (Roche Diagnostics GmbH) and prehy- 
bridized for 2 hours at 55''C in hybridization buffer 
containing 50% formamide, 5x sodium chloride-sodi- 
um citrate, 50 ^g/ml salmon sperm (Sigma-Aldrich), 
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o-glucose 5.5 11.1 33.3 5.5 
L-glucose (mM) 27.8 



mM glucose 5.5 33.3 
Pro-IL-1p31 kDa ,™ : — . 
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Incubation time (h) 0.5 1 2 . 20 44 



IL-ipi7kDai 
Actin 42 kOa ' 
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33.3 



■ Figure 1 ' 

Glucose induces IL-1p expression and release in human islets, (a) Secrecion of IL-ip from human islecs cultured on extracellular 
macrix-coaced dishes for 4 days in 5. 5, 11.1, or 33.3 mM D-gfucose or in 5.5 mM o-glucose plus 27.8 mM L-glucose. Each bar represents 
Che mean ± SEM of eight experiments from eight separate donors. *P < 0.01 compared with islets cultured in 5.5 mM glucose alone, (b) 
Secretion of IL-1 P from human islets during 44 hours of culture in suspension with 5.5 or 33.3 mM D-glucose. Data were collected from 
four tubes per treatment in two separate experiments from two donors. Data are represented as mean ± SEM. *P < 0.01 compared with 
islecs cultured in 5.5 mM glucose, (c) Immunoblotting of pro-IL-1p, IL-1|3, and actin. Human islecs cultured in suspension at 5.5 or 33.3 
m.Vi glucose were analyzed after 44 hours of incubation. One experiment of eleven (from eleven donors) is shown. In seven experiments, 
glucose induced IL-ip. In three experiments, IL-iP remained unchanged, and in one it was decreased, (d) RT-PCR decection and quan- 
tification of IL-1 p mRNA expression. Total RNA was isolated from human isiecs cultured for 44 hours in medium containing 5.5 or 33.3 
mM glucose. In the LightCycler quantitative PGR system, the level of iL-1p expression was normalized against CAPDH and the results 
were expressed as mRNA levels relative to control incubations ac 5.5 mM, Results are presented as mean ± SEM for six independent exper- 
iments from six donors. *P < 0.05 relative to islets cultured in 5.5 mM glucose. 



Ix Denhardc soiucion, and 250 Lig/ml RNA cype IV 
from calf liver (Sigma-Aldrich). Hybridization wzs per- 
formed overnight ac 52*C in 100 al hybridization 
buffer coiicaining 30 ng of digoxigenin-labeied RNA 
probe. Sections were then blocked with 5% milk pow- 
der at room cemperacure and incubated for 1 hour at 
37** C with and-digoxigenin-rhodamine Fab fragment 
(20 ^g/ml; Roche Diagnostics GmbH), followed by 
insulin immunoscaining as described above. 

After staining, samples were embedded in Kaiser's 
glycerol gelatin (Merck KGaA, Darmstadt, Germany) 
and analyzed by light and fluorescence microscopy 
(Axiolab; Carl Zeiss Jena GmbH, Jena, Germany). 

Western bloc analysis, Islecs were maintained in culture 
medium in nonadherenc plastic dishes. One day after 
isolacion, medium was changed and groups of 200 
islets were incubated for 44 hours in culture medium 
containing 5.5 or 33.3 mM glucose without or with 
2 ng/ml IL-lB or 500 ng/ml IL-lRa. Ac the end of the 
incubations, islets were washed in PBS, suspended in 
50lll sample buffer containing J 25 mMTris-HCl (pH 
6.8), 4% SDS, 10% glycerol, 0.3% bromophenol blue, 
and 1.8% p-mercaptocchanol and boiled for 5 minutes. 
Equivalent amounts of each treatment group were run 
on 15% SDS polyacrylamide gels. Proteins were electri- 
cally transferred co nitrocellulose filters and incubated 
with rabbit anti-Fas (C20; Santa Cruz Biotechnology 



Inc., Sanca Cruz, California, USA), mouse anti-IL-lp 
(R&D Systems Inc.), rabbit anci-IL-lp (recognizing pre- 
cursor and cleaved forms of human IL-lp; New Eng- 
land BioLabs Inc., Beverly, Massachusetts, USA), mouse 
anti-NF-KB (p65) (Active Motif LLC, Carlsbad, Cali- 
fornia, USA), mouse anti-NOS-2 antibody C-U (Santa 
Cruz Biotechnology Inc.) recognizing mouse, rat, and 
human origin of inducible nitric oxide synthase 
(iNOS), or mouse anti-actin antibody (C-2; Santa Cruz 
Biotechnology Inc.), followed by incubation with 
horseradish peroxidase-linked anti-mouse or anti-rab- 
bit IgG*s (Santa Cruz Biotechnology Inc.). The emitted 
ligh t was captured on x-ray film after adding LumiGLO 
reagent (Phototope-HRP Western blot detection kit; 

Table 1 

Cytokines released by human islets cultured at low and high glucose 
concentradons 





5.5 mM. glucose 


33.3 mM glucose 


Cytokine. (pg/islet) 






IL-la 


0.71 ± 0.76 


0.68 ± 0.67 


lL-12 


<0.06 


<0.06 


TNF-a 


5.68 ±1.7 


5.81 ± 1.96 


iFN-y 


<0.04 


<0.04 



Human islets were cultured for 4 days in 5.5 or 33.3 mM glucose. Each number 
represents the mean t SEM of eight experiments rrom eight separate donors. 
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Figure 2 

Expression of f L-1 p by human p cells exposed to a diabetic milieu. Dou- 
ble immunoscaining for IL-1 3 appears in red (b and d) and insulin in 
green (a and c) in human islets cultured on extracellular matrix-coat- 
ed dishes and exposed for 4 days to media containing 5.5 mM glucose 
(a and fa) or 33.3 mM glucose (c and d). Double immunostaining for 
IL-ip in red (f and h) and insulin in green (e and g) in tissue seaions 
of pancreata from a nondiabetic patient (e and f) and from a patient 
with type 2 diabetes (g and h). In situ hybridization for !L-lp mRNA in 
red (j, I, and n) double immunostaincd for insulin in green (i, k, and 
m) in tissue seaions of pancreata from a patient with type 2 diabetes 
(k, I, m, and n) with anti-sense probe (I) and with sense probe (nega- 
tive control) (n), and from a nondiabetic patient (i and j) using anti- 
sense probe (j). Immunostaining for IL-1 p in LPS-treated macrophages 
(positive control) (o). Magnification: x250. 



New England BioLabs Inc.). As a marker, biocinylaced 
protein molecular weight standard (New England Bio- 
Labs Inc.) was run in parallel. Between incubations, 
nitrocellulose membranes were stripped for 30 minutes 
at SO^C in 40 ml of a solution containing 280 jill [3-mer- 
captoethanol, 5 ml 0.5 M Tris-HCl (pH 6.8), and 10% 
SDS, and then washed for 1 hour in Tris-buffered 



saline containing 0.1% Tween-20. Intensity of bands 
was analyzed using MultiAnalyst (Bio-Rad Laborato- 
ries Inc., Hercules, California, USA). 

NF-kB activation. Islets were culcured in suspension as 
described above and washed with PBS. Activation of 
NF-JCB complex was quantified with an ELlSA-based 
kit (Trans-AM NF-kB; Active Motif LLC) using 
attached oligonucleotides binding to an NF-kB con- 
sensus site and detected by an anti-p65 or p50 subunit 
antibody according to the manufacturer's instructions. 
In parallel, islets were fixed in Bouin solution for 15 
minutes and resuspended in 40 |Ltl of 2% melted agarose 
in PBS (40 *C), followed by rapid centrifugation and 
paraffin embedding. Sections ^ere deparaffinized and 
rehydrated, endogenous peroxidase blocked by sub- 
mersion in 0.3% H2O2 for 15 minutes, and incubated in 
methanol for 4 minutes. Sections were incubated with 
a 1:50 dilution of either mouse anti-NF-KB (p65) or 
rabbit anti-inhibitory kB (I-kB) (C-21; Santa Cruz 
Biotechnology Inc.) antibodies, d^t^cttd by donkey 
anti-mouse or anti-rabbit Cy3-conjugated antibodies, 
and double stained for insulin as described above. 

RNA extraction, BT-PCR, andsequencingofRT-PCR prod- 
uct. Islets were cultured in suspension as described 
above. Total RNA was extracted usin^ an RNeasy mini 
kit (Qiagen Inc., Basel, Switzerland), and RT-PCR was 
performed using the Superscript II RKase H" reverse 
transcriptase kit and oligo(dT) (24) (Life Technologies 
Inc., Gaithersburg, Maryland, USA) according to the 
instructions from the manufacturers. The primers 
were: human IL-ip, 

5'-AAGCTGATGGCCCTAAACAG-3' and 5'-AGGTG- 
CATCGTGCACATAAG-3'; human Fas, 5'-GCATCTGGAC. 
CCTCCTACCT.3' and 5'-CAGTCTGGTrCATCCCCATr-3'; 
and human iNOS, 5'-ACGTGCGTrACTCCACCAACA-3' 
and 5'-CATAGCGGATGAGCTGAGCATr-3'. 

PCR conditions for IL-lp and Fas were: denaturation 
for 30 seconds at 94**C, annealing for 30 seconds at 
60 °C, and elongation for 30 seconds at 72 *C, followed 
for real-rime PCR by quantification 5 seconds at 80 ° C; 
repetition for 45 cycles. Saturation of PCR product 
occurred between 22 and 28 cycles. The size of the 
amplification product was 250 bp; The purified PCR 
products were sequenced to confirm amplification of 
the correct gene. The conditions for PCR amplifica- 
tion of iNOS were: denaturation for 30 seconds at 
94''C, annealing for 40 seconds at 55 ^C, and elonga- 
tion for 30 seconds at 72 *C; repetition for 35 cycles. 
For quantitative analysis, we used the LightCycler 
quantitative PCR SYStm (Roche Diagnosdcs GmbH) 
and performed quantitative PCR with a commercial 
kit (LightCycier-DNA Master SYBR Green I; Roche 
Diagnostics GmbH). The amounts of Fas and IL-lg 
mRNA were standardized against GAPDH (5'- 
AACAGCGACACCCACTCCTC-3' and 5'-GGAGGGGA- 
GATrCAGTGTGGT-30. 

Pcell apoptosis. The free 3'-OH strand breaks resulting 
from DNA degradation were detected using the 
TUNEL technique (38). After washing with PBS, 
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cultured islets were fixed in 4% paraformaldehyde for 
30 minuces at room temperature, followed by perme- 
abilizacion with 0.5% Triton X-100 for 4 minuces at 
room temperature. The TUNEL assay was performed 
according to che manufacturer's instructions (In Situ 
Cell Death Detection Kit, AP; Roche Molecular Bio- 
chemicals, Mannheim, Germany). The preparations 
were then rinsed with Tris-buffered saline and incu- 
bated for 10 minutes at room temperature with the 
5-bromo-4-chloro-3-indolyi phosphate/nitroblue tetra- 
zolium (BCIP/NBT) liquid substrate system (Sigma- 
.AJdrich). Thereafter, islets were incubated with a guinea 
pig anci-insulin antibody as above, followed by detec- 
tion using the streptavidin-biotin-horseradish peroxi- 
dase complex (Zymed Laboratories Inc., South San 
Francisco, California, USA). In parallel to the TUNEL 
reaction, we used the DNA-binding dye propidium 
iodide (Sigma-Aldrich) to assess the effects of glucose 
on necrosis. Cultured islets were washed with PBS 
(without paraformaldehyde fLxarion), incubated for 10 
minutes on ice with 10 M-g/ml propidium iodide in PBS, 
washed with PBS, and embedded in fluorescent 
mounting medium (DAKO Corp.). The. samples were 
immediately evaluated by fluorescence microscopy for 
positively stained necrotic nuclei. 

Cytokine release. Cytokine release was evaluated in the 
culture medium collected before the termination of 
each experiment. The following ELISA kits were used: 
human IL-la, IL-ip, and IL.12 (R&D Systems Inc.), 
human TNF-a (Endogen Inc., Boston, Massachusetts, 
USA), and human IFN-y (Invitrogen Ltd.). 

Insulin release and content. To determine acute insulin 
release in response to glucose stimulation, islets were 
washed in RPMI 1640 medium with 10% PCS and con- 
taining 3.3 mM glucose, arid preincubated for 1 hour 
in the same medium. The medium was then discarded 
and replaced with fresh medium containing 3.3 mM 
glucose for 1 hour for basal secretion, followed by an 
additional 1 hour incubation in medium containing 
16.7 nrM glucose. Supematan ts were collected and 
frozen for insulin assays. Thereafter islets were washed 
with PBS and extracted with HCl (O.IS N) in 70% 
erhanol for 24 hours at 4^C. The acid-ethanol extracts 
were collected for determination of insulin content. 
Insulin was determined using a human insulin RIA kit 
(CIS Bio Internarional, Gif-sur-Yvette, France), 

Evaluation and statistical analysis. Samples were evalu- 
ated in a randomized manner by a single investigator 
(K. Maedler) who was blinded to the treatment con- 
ditions. Care was taken to score islets of similar size. 
Some larger islets did not completely spread and were 
several ceils chick. Such islets were excluded because a 
monolayer is a prerequisite for single-cell evaluation. 
The mean surface area of the evaluated islet mono- 
layers was 0.031 ±0.012 mm- and 0.029 ± 0.01 1 mm^ 
in islets cultured at 5.5 and 33.3 mM glucose, respec- 
tively (no significant difference). Thus, the exclusion 
of larger islets occurred to a similar extent in each 
dish regardless of the treatment. Saisam software 



(Microvision Instruments, Evry, France) was used to 
measure area. Data were analyzed by Student t test or 
by ANOVA with a.Bonferroni correction for mukiple 
group comparisons. 

Results 

Glucose induces IL-l P production and release in human islets. 
Human islets were exposed to elevated glucose con- 
centrations for 4 days. Measurement of IL-ip released 
in the culture medium, revealed a 2,2-fold increase in 
islets cultured at 33.3 mM compared with islets in 5.5 
mM glucose (Figure la). To exclude a nonspecific effect 
of this high concentration of D-gJucose, osmolaricy was 
corrected with 27.8 mM L-glucose together with 5.5 
mM D-glucose, resuking in a sirnilar release of IL-ip to 
that observed with 5.5 mM D-glucose alone. No IL-ip 
was detectable in unused culture medium. The speci- 
ficity of IL- ip release was assessed by comparison with 
the release of other cytokines. Limited amounts of 
IL-la and TNF-a were found, but neither was regulat- 
ed by glucose and no significant amount of IFN-y or 
IL-12 was detectable (Table 1). The rime-course effect 
of 33.3 mM glucose on IL-ip secretion became signifi- 
cant only after 20 hours of exposure to high glucose, 
and persisted after 44 hours (Figure lb). Western blot 
analysis and quanritative RT-PCR measurement of 
IL-lp production in human islets revealed that elevat- 
ed glucose concentration induces not only IL-ip release 
but also IL-ip protein and RNA synthesis (Figure 1, c 
and d). However, Western blot analysis gave quite 
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Figure 3 

P cell expression of IL-1 P during dcvelopmenc of diabetes in Psam- 
momys obesus. Double immunostaining for IL-iP in red (b, d, and f) 
and insulin in green (a, c, and e) in tissue sections of pancreata from 
a fasted Psammomys obesus on a low-energy diet (blood glucose 4 
mM) (a and b), from an animal on a high-energy diet for 8 days with- 
out injection (blood glucose 13.6 mM) (cand d), and with injections 
of the glucopenic drug phlorizin (blood glucose 5.6 mM) (e and f). 
Magnification: x2S0. 
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Figure 4 

Glucose decreases P cell 1-kB expression and induces IL-lp-medicated NF-kB activation. Fas expression, and DNA fragmencacion. (a) Rela- 
tive NF-kB activity. Human islets were cultured in suspension for 44 hours in 5.5 or 33.3 mM glucose alone or in the presence of IL-ip, 
IL-1 Ra, or both. HeLa cells stimulated with 5 ng/ml a were used as positive control. Each bar represents the mean ± SEM of three exper- 
iments from three separate donors. *P < 0.05 relative to islets cultured in 5.5 mM glucose alone, (b) Immunoblotting of NF-icB (p65). Fas, 
and actin. Human islets cultured in suspension at 5.5 or 33.3 mM glucose with and without IL-ip or IL-1 Ra were analyzed after 44 hours of 
incubation. The antibodies were blotted on the same membrane after stripping. One of three experiments from three donors is shown. Each 
experiment displayed similar results, (c) Double immunostaining for I-kB in red (boxes 1 and 3) and insulin in green (boxes 2 and 4) in sec- 
tions of cultured human islets exposed for 44 hours to media containing 5.5 mM (boxes 1 and 2) or 33.3 mM glucose (boxes 3 and 4). (d) 
Double immunostaining for NF-icB (p65) in red (boxes 1 and 3) and insulin in green (boxes 2 and 4) in human islets exposed for 44 hours 
to media containing 5.5 mM (boxes 1 and 2) or 33.3 mM glucose (boxes 3 and 4). The anrows mark P cell nuclei stained positive for NF-icB. 
Magnification: x750. (e) RT-PCR detection and quantification of Fas mRNA expression. Total RNA was isolated from human islets cultured 
for 44 hours in medium containing 5.5 or 33.3 mM glucose alone or in the presence of IL-1 Ra. In the LightCycler quantitative PCR system, 
the level of Fas expression was normalized against GAPDH, and the results were expressed as mRNA levels relative to control incubations at 
5.5 mM. Results are shown as mean ± SEM of six independent experiments from six donors. *P< 0.05 compared with islets cultured in 5.5 
mM glucose alone. **P< 0.05 compared with islets cultured in 33.3 mM glucose, (f) Double immunostaining for Fas in red (boxes 1. 3, 5, 
7, 9, and 1 1 ) and insulin in green (boxes 2, 4, 6, 8, 1 0, and 1 2) in human islets exposed for 4 days to media containing 5.5 mM glucose with- 
out IL-1 P (boxes 1 and 2), with 1L-Ip alone (boxes 3 and 4), or with IL-1 Ra (boxes 5 and 6) or 33.3 mM glucose without (boxes 7 and 8) 
and with IL-IRa (boxes 9 and 10) or IL-1 P (boxes 11 and 12). Magnification: x250. (g) Human islets were cultured for4daysin 5.5 and 
33.3 mM glucose alone or in the presence of !L-iP and/or IL-IRa, or (h) with and without PDTC. Results are mean ± SEM of the percent- 
age ofTUNEL-positive P cells. The mean number of islets scored from each donor was 49 (range 35-63) for each treatment condition. Islets 
were isolated from five organ donors. *P < 0.01 relative to islets cultured in 5.5 mM glucose. **P < 0.01 relative to islets cultured in 33.3 
mM glucose. *P < 0.01 relative to islets cultured in 5.5 mM glucose plus !L-ip. 
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variable results in terms of increased IL-lp in response 
CO glucose. This may be due co varying numbers of non- 
endocrine cells (including most notably macrophages) 
in the different islet preparations. IL-ip production 
from such accompanying ceils is not stimulated by glu- 
cose. Therefore, the higher the contribution in total 
IL-ip production, the lower the expected glucose effect. 

Identification of the islet cellular source of glucose-dependent 
IL'lfi production. We next identified the islet cells pro- 
ducing IL-ip, Exposure of cultured human islQts to 
33.3 mM glucose for 4 days induced IL-lp expression 
in clusters of P cells, as determined by double 
immunostaining of islets plated on extracellular 
matrix-coated dishes with anti-IL-ip and anti-insulin 
antibodies. Figure 2, a-d, shows representative images 
from one experiment of six from six separate donors. 
In each experiment, IL-lp- positive p cells were 
observed in islets cultured at 33.3 mM glucose. To 
exclude false-positive results due to IL-lp secreted by 
other cells binding to p cell membranes, islets were 
treated with IL-lRa. Under these conditions, IL-lRa 
should antagonize the interaction of IL-lp with its sur- 
face receptors on P cells. Coincubadon with IL-lRa dis- 
played similar results, confirming P cell production of 
IL-lp (not shown). 

IL-lp is riot expressed in normal human pancrearic 
islets (28). However, based on the in vitro studies, it was 
anticipated that it might be expressed in islets of 
patients with type 2 diabetes, as a result of hyper- 
glycemia. Expression of IL-iP was therefore studied in 
sections of pancreata from five poorly controlled type 
2 diabetic patients, all with documented fasting blood 
glucose higher than 8 mM. Double immunostaining of 
the pancreatic sections for IL-lp and insulin revealed 
localization of IL-lp in clusters of p ceils in all pancre- 
ata. Clusters of IL-iP-expressing P cells were exhibited 
in 22.5% ± 3.4% of the islets in each pancreas (represen- 
tative images are sown in Figure 2, g-h). The presence 
of IL-lp mRNA transcripts was verified by in situ 
hybridization in P cells of diabetic patients (Figure 2, k 
and 1). IL-lp expression could not be detected in p cells 
of nondiabetic controls (Figure 2, e, f, i, and j) or in the 
exocrine pancreas. A digoxigenin-Iabeled sense probe 
was used as control and gave no signal (Figure 2n). 

/J cell expression oflL-l ^ during development of diabetes in 
Psammomys obesus is glucose-dependent. To examine 
whether induction of IL-lp in vivo is also regulated by 
glucose, three diabetes- resistant and eight diabetes- 
prone Psammomys obesus fed a low- or high-energy diet 
were studied. The hyperglycemic animals were further 
treated with phlorizin, which corrects hyperglycemia by 
inhibiang renal tubular reabsorpcion of glucose. No 
IL-ip-expressing P cells were observed in isltzs of dia- 
betes-resistant (not shown) or in fasted diabetes-prone 
Psammomys obesus (Figure 3, a and b). After 8 days on a 
high-energy diet, isl^zs of severely hyperglycemic dia- 
betes-prone Psammomys obesus exhibited IL-ip expres- 
sion in most p cells, which barely expressed insulin 
(Figure 3, c and d). Normalization of blood glucose by 



injection of phlorizin in animals fed a high-energy diet 
restored insulin stores and prevented IL-lp expression 
(Figure 3, e and f), 

IL-lj3 mediates glucose-induced NF-kB actiuation^ Fas expres- 
sion^ and p cell apoptosis. The funcuonai role of glucose- 
induced IL-ip was tested using IL-lRa as an inhibitor. 
In human islets, elevated glucose concentrations 
induced a 1.9-fold increase in NF-kB activity (Figure 4a). 
This was prevented by IL-lRa. Moreover, high glucose 
induced the expression of the p65 subunit (Figure 4b). 
NF-kB is bound in the cytoplasm to I-kB proteins (39). 
Exposure of human islets to 33 mM glucose decreased 
I-k5 expression (Figure 4c), leading to apparition of 
NJvkB (p65) in P cell nuclei (Figure 4d). Glucose- 
dependent induction of Fas protein and mRNA were 
also hindered by IL-lRa (Figure 4, b, e, and f). 

Next, the ability of IL-lRa to protect against glucose- 
induced P cell apoptosis was evaluated. Exposure of 
human islets cultured on extracellular matrix-coated 
dishes to elevated glucose concentrations increased the 
number of nuclei displaying DNA fragmentation 
(TUNEL-posirive nuclei) (Figure 4, g and h). Exposure 
of islet cultures for 4 days to increasing glucose con- 
centrations (from 5.5 to 33.3 mM) did not, however, 
lead to propidium iodide uptake, thereby excluding 
necrosis (riot shown). IL-lRa did not signiflcandy 
change baseline apoptosis at 5.5 mM glucose. Howev- 
er, IL-lRa protected the p cells from apoptosis induced 
by 33,3 mM glucose (Figure 4g). Similarly, the NF-kB 
inhibitor PDTC inhibited glucose-induced DNA frag- 
mentation (Figure 4h). Addition of exogenous FasLdid 
not lead to a significant increase of p cell death (fold 
increase of 2.8 ± 0.4 of TUNEL-posirive P cells in 333 
mM glucose alone, and 3.0 ± 0.4 in 33 mM glucose plus 
exogenous FasL, compared with control in 5.5 mM glu- 
cose). Finally, we examined whether high glucose 
induces iNOS expression. Neither 33 mM glucose nor 
IL-lp alone induced iNOS mRNA (Figure 5) or protein 
expression (not shown). 

IL-lRa and PDTC improve impaired p cell function due to 
IL'iP-mcdiatedglucotoxicity, Chroraic e.xposure of human 
islets to 333 mM glucose or IL-iP for 4 days abolished 
acute glucose-stimulated insulin release (Figure 6, a 
and c). Coincubation with IL-lRa or PDTC partially 
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Figure 5 

Failure of glucose and IL-lp co induce iNOS mRNA expression in 
human islets. RT-PCR analysis of iNOS expression by islets cultured 
for 44 hours in 5.5 and 33.3 mM glucose or wich IL-lp alone or in 
combination with IFN-Y(posicive control). GAPDH was used as con- 
trol. One of three experiments from three donors is shown. 
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('igure 6 

IL-IRa and PDTC restore glucose-stimulated insulin secretion in human islets exposed to high glucose. Islet^ were cultured on extracellular 
matrix-coated dishes for 4 days in 5.5 and 33,3 mM glucose (control) or with IL-1 Ra, PDTC, and IL-1p in combination or individually, (aand 
c) Basal and stimulated insulin secretion during successive 1 -hour incubations at 3.3 (basal) and 1 6.7 (stimulated) mM glucose following the 
4-day culture period, (b) Insulin content. Data are represented as mean ± SEM of three experiments from three separate donors. In each exper- 
iment, the data were collected from three plates per treatment. *P< 0.01 compared with islets cultured in 5.5 mM glucose alone. **P< 0.01 
compared with islets cultured in 33.3 mM glucose alone. *♦♦/> < 0.01 compared with islets cultured in 5.5 mM glucose plus IL-lp. 



restored che glucose stimulacion. Insulin concent of 
islets cultured in high glucose was decreased compared 
with control (5.5 mM glucose) and remained unaffect- 
ed by IL'lRa (Figure 6b). 

Discussion 

In advanced stages of type 2 diabetes, p cell function 
often degenerates to such a degree that insulin therapy 
becomes necessary. The islet demise in humans with 
lace type 2 diabetes is probably due to a combinadon of 
genetic and environmental components as well as sec- 
ondary events including hyperglycemia-induced 
impairment of P cell function and apoptosis. The hall- 
mark of type 1 diabetes is a specific and massive 
destruction of che p cells, mostly by apoptosis. 
Although both diseases have fundamental etiological 
differences, increasing evidence links both types of dia- 
betes, and a significant fraction of individuals origi- 
nally diagnosed with type 2 diabetes are cryptic cype 1 
diabetics or evolve with rime to a cype 1 state and exhib- 
it anri-P cell autoimmunity (40-43). Moreover, apop- 
totic cells can provoke an immune response under the 
appropriate conditions, for example, when present in 
high enough numbers or exposed to cytokines such as 
IL-lp (44, 45). Thus, induction of IL-ip by elevated glu- 
cose concentrations as shown in the present study or as 
a part of an autoimmune response may connect type 2 
and type 1 diabetes. 

Resident islet macrophages are fundamental in the 
development of autoimmune diabetes (46, 47). Acci- 
vacion of resident macrophages results in the expres- 
sion and release of IL-ip (48). Recently, it has been 
shown chat viral replicative intermediate double- 
stranded RNA stimulates rat islet P cell production of 
IL-1, a mechanism by which viral infection may medi- 
ate P ceil damage in autoimmune diabetes (49). Incer- 
esringly, this same study revealed chat, following such 
stimulation, rat P cells also produce IL-ip-convcrring 
enzyme, the en2yme required for activation of IL-ip. 



The results presented in this study indicate that 
human p cells themselves are capable of producing 
IL-lp independently of any viral infecdon or immune- 
mediated process, in response to glucose. The fact that 
IL-lp-producing p cells were also detected in tissue 
sections of type 2 diabetic pacients and in hyper- 
glycemic but not euglycemic Psammomys obesus fully 
supports the in vitro observations and the central 
hypothesis of this study. 

Diabetes-prone Psammomys obesus fed a high-energy 
diet develop diabetes. As in some humans with cype 2 
diabeces, inidal hyperinsulinemia in this animal model 
of diabetes progresses to hypoinsulinemia at later stages 
of the disease due to insufficient insulin secretion and 
reduced pancrearic insulin reserves (50). In a longicudi- 
nal study, we analyzed p cell turnover during nutririon- 
induced diabetes (8). During the development of hyper- 
glycemia, an initial and transient increase in P cell 
replication occurs, followed by a prolonged increase in 
che number of apoptotic p cells. We now extend this 
study by the observation of IL-lp-expressing p cells dur- 
ing insulin depletion in islets of hyperglycemic Psam- 
momys obesus. Normalization of plasma glucose by treat- 
ment of the animals with phlorizin prevented IL-lp 
expression and restored insulin expression in the islets, 
suggesting chac in addicion co ics role as a mediator of 
glucose-induced p cell apoptosis, IL- ip may participate 
in control of pancreatic insulin reserves. 

To the best of our knowledge, iNOS cannot be 
induced by IL-lp alone in human islets (51, 52). More- 
over, cytokine-induced Fas expression is NO-inde- 
pendent (53, 54). In line with chese reporcs, in che pres- 
ent study glucose did not induce iNOS. Therefore, the 
IL-iP-mediated deleterious effects are probably inde- 
pendent of NO. However, we can noc exclude chac NO 
is produced by P cells in an iNOS-independenc way, 
since IL-lp-induced nicrice produccion has been 
demonstrated in the past (24, 25, 55), although this has 
not been observed by others (56). 
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IL-ip scimulaces I-kB degradation and NF-kB nuclear 
localization in a time-dependent manner that is maxi- 
mal following 20-30 minutes of exposure (31). There- 
fore, it is not clear how NF-kB activation remains 
detectable following a 44-hour incubation in high glu- 
cose. The prolonged period of activation may be relat- 
ed to the interplay of all factors required for NF-JcB 
activation. Indeed, we show that high glucose induced 
p65 expression and decreased I-kB, Moreover, other 
modulators of IL-iP-induced NF-icB activation, such 
as endogenous IL-lRa, may interfere. All these jfactors 
may influence the time course of glucose-induced 
NF-icB activation. Regardless, at least 20 hours of expo- 
sure to high glucose is required to induce IL-lp, lead- 
ing to NF-kB activation. Pas expression, and P cell 
death. This is in line with glucotoxic effects^ which 
appear only after prolonged exposure to high glucose- 
Inhibition of NF-kB activation by an adenoviral vec- 
tor encoding the repressor I-kB protects human islets 
from Fas-triggered apoptosis and results in normal 
insulin response in the presence of IL-lp (55), Simi- 
larly, in purified rat |3 cells, inhibition of cytokine- 
induced NF-kB activation prevents p cell apoptosis 
(57); Thus, the present finding that glucose decreases 
I-kB expression and induces NF-kB activation via 
IL-lp opens the path to prevent glucotoxic effects by 
inhibition of NF-kB activation. 

So far, IL-ip production and release by islets has 
been considered to be lirhited to type 1 diabetes. Here 
we demonstrate that high concentrations of glucose 
induce IL-ip production and secretion in human p 
cells, leading to Fas receptor upregulation, NF-kB 
activation, P cell apoptosis, and dysfunction. More- 
over, we observed IL-lp-producing p cells in diabetic 
patients and diabetic Psammomys obesus. The pathway 
by which hyperglycemia causes impairment and loss 
of insulin-producing cells thus shares features with 
immune-mediated processes. It follows that the 
proinflammatory cytokine IL-lp may be a crucial fac- 
tor concributing to p cell glucotoxicity in the patho- 
genesis of type 2 diabetes. 
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